Abstract-This paper describes the development of a novel optically transparent electrostatic microgripper for assembly of micro-electromechanicalsystems (MEMS). The principle of operation, design and tests of the new device are described. Fabrication sequence and the materials used are also provided. The resulting gripping force is measured as a function of the applied voltage and compared with a parallel pate capacitor model. The frictional (in-plane) force was also determined for two common materials, silicon and nickel. As expected, a small amount of trapped interfacial charge was observed and characterized via scanning potential microscopy (SPM). The present work provides experimental data on the magnitude of the residual charge, the corresponding force, as well as charge decay data. Although undesirable, in the assembly of high-aspect-ratio interconnects, the part release can be achieved via path planning, since the parts are inserted into micro-machined slots. A simple demonstration assembly cell with image-and laser-based position-sensing modalities has also been described.
INTRODUCTION AND MOTIVATION
Although MEMS devices are usually fabricated via massively parallel photolithographic techniques, sequential assembly might be required in some instances. For example, if high-aspect-ratio structures are needed, the planar batch fabrication is cumbersome or not possible at all. Assembly and packaging of microelectromechanical systems is also expensive and often constitutes the largest portion of the unit's total cost. In order to increase the manufacturing throughput and reduce the re-tooling costs, it is desirable to develop a exible assembly scheme, allowing for quick adaptation to various part geometries and con gurations. This need has been recognized by private industry and government agencies, which has led to considerable progress in the development of visually servoed robotic systems. Since the early 1990s, video-or CCD-based sensors have been commonly used to generate knowledge about the position of objects in the robot's workspace [1 -3] . Funded research focused on micro-assembly with visual servoing [4 -6] has developed excellent image-processing techniques for robot control in real time [7] with extraction of three-dimensional position information [1, 2] . At present, the end-effector and the corresponding position-sensing technology continue to be the critical elements in a versatile and reliable micro-assembly system. Several research groups have developed mechanical and vacuum micro-grippers actuated with electrostatic comb drives, thermal actuators, or piezo-actuators. Electrostatic clamping has been successfully used in large-scale (wafer clamping) [8] while, on a micro-scale, the effect has been studied as an unwanted phenomenon in electrostatic motors [9] or utilized in the electro-rotation of biological cells and electrostatic focusing of nanoparticles [10] .
The present work describes efforts to develop an optically transparent electrostatic micro-gripper for visually servoed micro-assembly. Previous experience with such systems showed that the gripping and manipulation of micro-parts signi cantly differs from the assembly of macroscopic devices [11] . The main difference stems from the increased role of the surface electrostatic forces and the reduced in uence of body forces such as gravity [12] . Due to charging effects the parts often 'jump' into their energetically most favorable con guration and this results in an uncontrolled grasping or release. Instead of using a mechanical attachment and trying to overcome these surface electric effects, the electrostatic force is used to attach the assembled parts to the end-effector. For certain assembly tasks such as 'peg-in-a hole', the part release can be solved via simple path planning. In other cases such as 'pick-and-place' tasks, the part release is still a challenge, although reports on charge decay in Te on™ insulators indicate that the application of an AC eld (60 Hz) can result in a zero residual charge [13] . The present work provides experimental data on the magnitude of the residual potential/ force using static elds (efforts to reduce the residual charge will be reported in future communications).
The optical semi-transparency of the micro-gripper permits the use of real-time visual servoing of the manipulator to align the part with respect to the gripper using the electrode pattern. This allows parts with varying geometries to be easily aligned to the gripper by simply capturing an image of a reference feature on the part.
DESIGN OF ELECTROSTATIC MICRO-GRIPPER
A solid model of the optically transparent electrostatic micro-gripper is shown in Fig. 1 . For clarity, an L-shaped part to be assembled is also shown attached to the lower face of the gripper. The micro-gripper consists of a glass substrate with transparent thin-lm electrodes coated with an insulator.
